Pyrethroids are pesticides with high selectivity for insects. In order to identify strengths and gaps in the database for pyrethroid neurobehavioral toxicology, we have critically analyzed the data from peer-reviewed literature. This review includes dose-response data that have been recently generated demonstrating consistent findings for low-dose, acute, oral exposure to pyrethroids in small rodents. All pyrethroids tested (i.e., about twenty compounds), regardless of structure, produce a decrease in motor activity in a variety of test protocols. The range of relative potencies varies more than two orders of magnitude, and thresholds for motor activity were found well below doses that produce overt signs of poisoning. Six compounds (allethrin, permethrin, cis-permethrin, deltamethrin, cypermethrin, and fenvalerate) impair schedule-controlled operant responding, seven compounds (pyrethrum, bifenthrin, S-bioallethrin, permethrin, β-cyfluthrin, cypermethrin, and deltamethrin) decrease grip strength, and two compounds (deltamethrin and α-cypermethrin) produce incoordination using the rotarod. In addition, while compounds lacking an α-cyano group (e.g., cismethrin, permethrin, bifenthrin) induce an increase in acoustic-evoked startle response amplitude, cyano compounds (e.g., deltamethrin, cypermethrin, cyfluthrin) produce the opposite outcome. Other endpoints (e.g., tremor intensity, sensory response) have been only occasionally explored. A synthesis of the neurobehavioral evidence relating to the action of pyrethroids indicates that some differences in the experimental findings across compounds are also present in the low-effective dose range. For risk assessment purposes, a strategy that takes into account data from an array of neurobehavioral endpoints is needed to capture the heterogeneity of pyrethroid-induced adverse effects and accurately inform policy decisions. Published by Elsevier Inc.
Introduction
Pyrethroids are a class of neurotoxic pesticides registered for agricultural and residential use in the United States. Use of pyrethroids has continuously increased during the last two decades [21, 19, 40, 58] . Evaluations of tolerances for individual pyrethroid applications, as well as the potential for cumulative risk of neurotoxicity following exposure to multiple pyrethroids, are currently underway in accordance with the mandate of the Food Quality Protection Act [56] . The impending regulatory decisions will be based in part on laboratory studies of the neurotoxic effects of pyrethroids conducted in both in vitro and in vivo models. One area of research that will potentially inform these risk decisions are observations of behavior in laboratory rodents.
A large database of behavioral observations recorded following pyrethroid exposure is available in the peer-reviewed literature and reports from regulatory agencies. Some of these studies describe signs of excessive toxicity observed following lethal or near-lethal pyrethroid exposures while other studies describe behavioral effects observed at lower dose ranges which are more relevant to the risk assessment process. The primary objectives of this article are: 1) to outline the signs and progression of pyrethroid poisoning in non-target mammalian species; 2) to review the accumulated data for pyrethroid-mediated effects on rodent behavior available in the peer-reviewed literature; 3) to comment on the consistencies and inconsistencies of the observed neurobehavioral effects across both compounds and studies; and 4) to evaluate the utility of the reviewed evidence in determining neurotoxic risk to humans. Unfortunately, there is a lack of peerreviewed neurobehavioral studies using subchronic or chronic pyrethroid exposures which may more accurately reflect real-life exposure scenarios in human populations. Therefore, particular emphasis is placed on studies that measure quantifiable outcomes in adult rats and mice following acute, sublethal, oral exposures, as these studies comprise a majority of the data available for guiding risk decisions. Pyrethroids are metabolized rapidly in mammals [156] , and no cumulative effects are observed in rats following repeated oral dosing of pyrethroids using moderately effective doses once a day for 30 days [33] . This strongly suggests that data from acute exposure studies may accurately represent the adverse outcomes observed following low-dose, chronic or subchronic exposures. Neurobehavioral effects in animals exposed to pyrethroids during development will not be included in this article, as this information has been recently reviewed elsewhere [154] .
Even though a database for pyrethroid-mediated effects on rodent behavior is available, comparison across studies is complicated by several factors that may influence the observed outcomes. These factors include differences in species, strain, gender, and body weight of the animals; route of administration; vehicle and test period; pyrethroid compound purity and isomer composition [27, 36, 47, 101, 117, 156, 178, 189, 195] . A critical analysis of the experimental or biological factors that influence pyrethroid potency is not presented in this review, save for cases in which disparate results for comparable neurobehavioral endpoints are observed across studies. For reviews of the molecular actions of pyrethroids on voltage-sensitive ion channels (the primary molecular targets of pyrethroids), the reader is referred to Narahashi et al. [123] , Narahashi [122] , Soderlund et al. [156] , and Shafer and Meyer [153] .
The present article includes a brief synopsis of pyrethroid chemistry and stereochemistry to orient the reader to this pesticide class, detailed descriptions of acute pyrethroid poisoning in mammals, and a compendium of studies that assess pyrethroid effects on different domains of mammalian behavior. Finally, a discussion regarding the current body of neurobehavioral data in guiding the pyrethroid risk assessment process is provided.
Pyrethroid chemistry

Structure
Pyrethroids are structural derivatives of naturally occurring pyrethrins, which are present in pyrethrum, an extract from the flowers Chrysanthemum cinerarifolium [59, 20, 21] . Most pyrethroids contain cyclopropane carboxylic acid moieties (or an equivalent group) linked to aromatic alcohols through a central ester (or ether) bond (Fig. 1 ). Modifications to this basic pyrethroid structure are designed to increase insecticidal potency or photostability but may also result in changes in pyrethroid activity in non-target species [60, 73, 193, 172, 177, 126, 156] . One such modification is the addition of an α-cyano group to the alcohol moiety, considered a milestone in the development of synthetic pyrethrin analogs due to its critical role in providing superior insecticidal activity [48, 61, 194, 156] . Likewise, this chemical group confers an increase in potency of approximately one order of magnitude in studies of acute lethality in rodents [98, 173, 172, 156, 184] .
In addition to the α-cyano group, other modifications to the fundamental acid and alcohol moieties of pyrethroids have been introduced: namely, variations in the identity and position of halogenated and hydrophobic chemical groups and the stereochemical arrangement of these groups [126] . In the rat, these modifications account for variations in potency of almost three Fig. 1 . Structures of some representative pyrethroids. The pyrethroid structures depicted here outline the development of pyrethroid insecticides from natural pyrethrins (e.g., pyrethrin I) and early synthetic derivatives (pyrethroid generations I-II) to modern compounds with improved photostability (III-V). Each successive generation represents an increase in insecticidal activity and mammalian toxicity (see also Fig. 2 ). Typical positions of chiral carbons are illustrated in the case of permethrin and cypermethrin (III) and denoted with asterisks. Stereochemistry for isomerically enriched compounds is depicted at the bottom of the chart (IV) Commercial bifenthrin and α-cypermethrin formulations are composed of two out of 4 or 8 possible stereoisomers present in the corresponding racemic preparations, respectively (each isomer pair appears marked by squares). The presence of an α-cyano group on the alcohol confers increased potency in target and non-target species.
orders of magnitude, ranging from tefluthrin, with an oral LD50 of 22 mg/kg, to etofenprox, with oral LD50 N 10,000 mg/kg [184] . For example, bifenthrin differs little from permethrin in structure and some of the physical properties of the two (e.g., octanol-water partitioning coefficient) are similar as well [147, 97] . Yet, bifenthrin has a 10-to 100-fold lower oral LD50 in rats as compared to permethrin [112, 184, 156] . Computational structure-activity relationship studies indicate that the central portion of a pyrethroid molecule (i.e. components of the central ester bond) is essential for toxicity [125, 55, 129] .
Stereochemistry
Pyrethroids are chiral molecules and the spatial conformation of a pyrethroid compound is a major determinant of biological activity [66] . Chirality also has an impact on the biological activity of other pesticide classes [96, 102] . Pyrethroids may have 2-4 chiral centers (Fig. 1) . Stereoisomers of the same compound display a wide range of potencies in both target and non-target species [175, 66, 28, 96, 102] . For most pyrethroids, preparations enriched in cis-isomers (e.g., cisresmethrin, cis-permethrin, cis-cypermethrin, and cis-isomers of cyhalothrin) have greater potency (i.e., lower oral LD50) in rodents than corresponding preparations with isomeric heterogeneity [182, 112, 135, 184] . For instance, cismethrin, the 1R-cisisomer of resmethrin, is at least 50-fold more potent (i.e., has a 50-times lower LD50) than the 1R-trans-isomer in rats, regardless of the route of exposure [1, 180, 176, 75, 30] , and ∼ 30-fold more potent than resmethrin in decreasing motor activity [33, 187] .
Pyrethroids with an α-cyano group can also assume different isomeric configurations based on the spatial orientation of this group. The [S] configuration confers higher activity than the [R] configuration in target and non-target species [48, 172, 156] . A comparison of the toxicity of cypermethrin and α-cypermethrin preparations in rodents exemplifies the increased activity in compounds enriched in cis-isomers that include an αS-cyano group. Both cypermethrin preparations are composed of 50% cisisomers. The racemic mixture of cypermethrin stereoisomers has an isomer ratio of 2:2:2:2, αR-cyano (1RS)-cis, αR-cyano (1RS)-trans, αS-cyano (1RS)-cis, αS-cyano (1RS)-trans. This racemate is ∼ 3-4-fold less lethal compared to α-cypermethrin, a cypermethrin preparation with an isomer ratio of 1:1 αR-cyano (1S)-cis, αS-cyano (1R)-cis [4, [50] [51] [52] 112, 135, 184] .
In mammalian species (including humans), metabolism of pyrethrins and pyrethroids is rapid and occurs via ester hydrolysis or cytochrome P450-mediated oxidation [22, 118, 70, 100] . In vivo toxicokinetic studies of orally administered pyrethroids in rats and mice have reported nearly complete elimination from the body in 2-8 days and half-lives in rat nervous system tissue in the range of ∼ 13-39 h [149, 150, 8, 46, 9] . There is evidence that rates of detoxification are dependent upon the spatial conformation of pyrethroids [167, 22, 75] , which may contribute to the difference in potency observed between isomers. Thus, the isomeric composition of the pyrethroid preparation is a critical determinant of biological activity and must be considered when evaluating or comparing neurobehavioral studies.
Structure-lethality relationships in rats
Two major objectives have driven the development of pyrethroid chemical structures and selection of isomer compositions: namely, increases in both insecticidal potency and photostability [48, 91, 125, 126, 156] . Fig. 2 plots rat oral LD50s for pyrethroid compounds in chronological order by the approximate patent application date. Some of the milestones in the refinement of the pyrethroid structure are highlighted in the figure. Note that "modern" compounds (e.g., deltamethrin, esfenvalerate, α-cypermethrin, λ-cyhalothrin, β-cyfluthrin, tefluthrin, bifenthrin, and imiprothrin), which are enriched in highly active stereoisomers, have far greater toxicity in rat than the "older" generations of pyrethroids. Even though the toxic potency of pyrethroids in rat has increased over time, the concurrent increase in insecticidal potency means that lower application rates may be sufficient for pest control, reducing the hazard posed by pyrethroids in non-target species such as mammals.
Acute pyrethroid poisoning
Comparative toxicity between target and non-target species
According to a general classification of behaviors elicited in insects by repellent and attractant chemicals, pyrethrum has been classically considered a locomotor stimulant, causing target individuals to disperse from a region faster than if the area did not contain the chemical [42, 57, 15] . More detailed studies demonstrate that in insects, and other invertebrates such as arachnids, pyrethroids produce reversible impairment of motor function and 'knockdown' in flying insect species that may be followed by death, depending upon the exposure level.
At low to intermediate levels of exposure, pyrethroids impair motor function in insects. This effect manifests as alterations in flying or walking patterns [6] . At intermediate dose levels, motor activity is disorganized, eventually forcing non-flying species to become immobilized and flying species to fall down [152, 115] . Insect "knockdown" is comparable to the abrupt disruption of locomotor activity patterns seen in spiders after an acute sublethal exposure to cypermethrin [11] . Sublethal effects in insects, like incoordination and hyperactivity, may occur after acute exposure to about 1/10 of an insect LD50 dose [15] . At higher exposure levels, the syndrome progresses from the initial period of hyperactivity and motor incoordination to tetanization, prostration, and convulsions followed by death [13] .
Disruption of motor function is not the only effect of acute pyrethroid exposure in insects at sublethal doses [15] . For instance, rapid disorganization of calling behavior and chemical communication systems with consequent disruption of social/ sexual behaviors has been reported after sublethal exposure to deltamethrin in corn borers. In addition, calling behavior in deltamethrin-treated moths remained at 50% of control performance at 4 days post-dosing [192] .
Pyrethroids are more selective for their target species as compared to other pesticide groups. Carbamates, organophosphates, and organochlorines have LD50 ratios (i.e., LD50 rat /LD50 insect ) below 100 while, in general, pyrethroids have LD50 ratios above 2000 [48, 172, 91] . However, when administered at a highly effective dose, pyrethroids produce evident neurotoxicity in nontarget species, including mammals. The signs of poisoning in nontarget species are similar in some respects to the severe signs of poisoning observed in insects [68, 47, 15, 172, 45, 84, 76] . These similarities may be attributed to similar molecular mechanisms-oftoxicity at target sites present across species, such as voltagesensitive Na + channels (VSSCs). In vitro studies have demonstrated that both insect VSSCs and a variety of mammalian VSSCs are sensitive to pyrethroids [171, 155, 26] . Differences in pyrethroid potency between species have been attributed to differences in 1) the intrinsic sensitivity of VSSCs to these compounds [171] ; 2) body temperature [180, 60, 137, 65] ; and 3) metabolism [118, 67, 148, 70] .
When first-pass metabolism in mammals is circumvented via intravenous (i.v.) or intracerebral (i.c.) administration of pyrethroids, the time course for the development of poisoning signs in insects and mammals is comparable. A latency of seconds to minutes from dosing to the onset of poisoning signs is seen in both cases [98, 62, 127, 13, 139, 39] . In rodents, the onset of poisoning signs correlates with the accumulation of an internal dose in nervous system tissue [180, 70, 66, 74, 146] . Brain concentrations required to produce poisoning signs are comparable following administration by the oral or i.v. routes, even though the administered doses using the former route are much higher than those used in the latter [92, 180] . This indicates that the detoxifying capacity for pyrethroids is dependent on route, and that metabolism and/or limited absorption play a significant protective role against pyrethroid neurotoxicity in mammals [156] . The signs and progression of acute pyrethroid poisoning observed in small rodents are further described in Sections 3.2 and 3.3, respectively.
Few data exist concerning pyrethroid-induced signs of poisoning in larger mammalian species. Some clinical veterinary reports describe the intoxication of dogs and cats by pyrethroids; however, these reports refer mostly to dermal exposures. The features of pyrethroid poisoning are similar across the mammalian species examined. Based on veterinary observations, acute, sublethal exposure to pyrethroids induces restlessness and hyper-excitability followed by "drunken movements" (i.e., locomotive ataxia), mydriasis, diarrhea, and general depression. In some cases motor incoordination, paresis, head bobbing, chewing, hyper-salivation, and/or whole-body tremors were reported [157, 130, 45, 44, 121, 99] . [74, 126, 91, 93] . Only pyrethroids with central ester bonds are included. Milestones in the development of the structural properties of synthetic pyrethroids are denoted by the colored bars. Pyrethroid preparations that are isomerically enriched are denoted by white boxes lining the x-axis while formulations that are unresolved mixtures of many isomers are denoted by black boxes. All pyrethroids with LD50 b 500 mg/kg are pictured in the inset. Values for dimethrin, tetramethrin, bioresmethrin, phenothrin, empenthrin, and transfluthrin correspond to the maximal doses tested in literature studies, as true LD50s could not be determined. LD50s for a typical permethrin formulation (i.e., 40:60 cis:trans ratio) and a permethrin preparation enriched in cis-isomers (i.e., cis-permethrin) were taken from McGregor [112] . Taken from WHO [184] ; PMRA [133] ; WHO [181] ; White et al. [180] ; Miyamoto [118] ; EC-HCPDG [46] . Nevertheless, neurotoxicity observed in veterinary applications should not be assumed to have a direct dose-response relationship with the pyrethroid content of commercial formulations. While these data indicate that pyrethroid poisoning syndromes are comparable between rodent species and large mammals, no direct comparison of sensitivity across species can be determined from these reports due to the confounding influence of solvents, metabolic inhibitors, and other "inert" compounds in the commercial formulations used (see comparisons of toxicity in small rodents exposed to different formulations of deltamethrin, in Lepeshkin et al. [101] , and of permethrin and fenvalerate in Williamson et al. [186] ). Additional studies using technical grade pyrethroid formulations and comparable exposure routes are needed to establish accurate scaling factors across mammalian species. Lastly, there are very few data from quantitative evaluations of acute neurotoxicity in humans and primates following acute exposures to well-defined pyrethroid formulations. This precludes making direct comparisons between the extensive compendium of laboratory rodent studies available in the peer-reviewed literature and clinical reports in humans. Therefore, only data from pyrethroid studies using laboratory rodents are reviewed in the following sections.
In conclusion, even though mammalian species appear to be less susceptible to pyrethroid-induced neurotoxicity than insects, safety concerns will persist due to the similar neurotoxicity of these compounds across species after reaching an active target tissue dose.
Signs of pyrethroid poisoning in rodents and classification schemes
There has been a historical tendency to refer to individual pyrethroids as belonging to subcategories that were defined in early studies of the clinical signs of acute poisoning in rodents. A study by Verschoyle and Aldridge [175] describes signs of toxicity in rats for 36 pyrethroid preparations after i.v. administration of near-lethal to lethal doses. Their classification scheme separates 34 of the 36 tested pyrethroid preparations into two groups of compounds producing either whole-body tremors (T-syndrome) or choreoathetosis and salivation (CS-syndrome). The remaining two preparations produced mixed effects (i.e., tremor and salivation) and were termed TS-compounds. A later study by Lawrence and Casida [98] using i.c. injection of 29 pyrethroids outlined a toxicological classification scheme in mice that divided the tested compounds into two groups termed Type I and Type II, which correspond to the T-and CS-syndromes described in rat, respectively. A detailed comparison of the clinical signs observed in small rodents following exposure to both types of pyrethroids is shown in Table 1 . The key features of these syndromes are similar between rodent species regardless of the route of administration: i.c., i.v., i.p., or oral [175, 98, 127, 36] . Generally, pyrethroids with a halogenated acid esterified to an α-cyano-3-phenoxybenzyl alcohol produce the CS/Type II syndrome. Pyrethroids lacking either or both of these moieties tend to produce the T/Type I syndrome. The historical classification of pyrethroids into T-, CS-, or TS-compounds [175, 98] does not include a number of "modern" compounds that have been developed and registered since these experiments were conducted, i.e. bifenthrin, tefluthrin, fenfluthrin, acrinathrin, imiprothrin, and preparations enriched in highly active isomers such as β-cyfluthrin, λ-and γ-cyhalothrin, and α-cypermethrin. In the literature and the rest of this review, these unclassified pyrethroids are tentatively referred to as either CS-or T-syndrome compounds based on the muscular diskinesia described in more recent rodent studies (if available) or upon consideration of structural similarity to unequivocally classified compounds. Exceptions to the aforementioned classification scheme have been noted. Natural pyrethrum extract and some non-cyano Type I pyrethroids (i.e., permethrin, transfluthrin, and tefluthrin) may produce salivation in rodents [182, 53, 156] . Fenpropathrin (an α-cyano pyrethroid) produces muscular fasciculations more closely related to body tremors than the Type II landmark choreoathetosis [175, 5, 98, 23] . Save for a few exceptions, the T(Type I)/CS(Type II)/TS(Type I/II) classification scheme holds true for poisoning syndromes induced by a majority of pyrethroids.
A study conducted by McDaniel and Moser [111] in LongEvans rats is the first to describe the distinctive (i.e. typespecific) neurobehavioral syndromes produced by permethrin and cypermethrin using a Functional Observational Battery (FOB). Multiple tests were performed to quantify changes over time in several endpoints 3-48 h following an acute, singledose, oral exposure to three doses of each pyrethroid (i.e. permethrin, 25-150 mg/kg, and cypermethrin, 20-120 mg/kg) in corn oil vehicle. For both compounds the highest dose tested was nearly lethal. Cypermethrin caused salivation and urination, splayed limbs, choreathetosis, increased foot splay, resistance to removal from home cage, decreased arousal, and decreased response to touch or tail pinch. Permethrin produced wholebody tremors, ataxia, greater resistance to removal from home cage, and increases in arousal, handling reactivity, and the response to touch or experimenter approach. Both compounds produced alterations in righting reflex, decreases in motor activity and grip strength, and increased click response. These observations were dose-related in most cases and, for most domains, consistent with the behavioral landmarks reported by other authors on exposure to non-cyano (Type I) and cyano (Type II) compounds in rat [141, 83, 175, 81, 156] .
Other researchers have explored the utility of alternative endpoints to classify pyrethroids. Wright et al. [191] used anesthetized rats to classify pyrethroids based on the number of abnormally evoked EMG spikes in the gastrocnemius muscle, and the presence or absence of abnormal trigeminal motor nucleus spikes. After-potential time constants were also measured in perfused isolated diaphragm preparations. Neurotoxic actions of compounds producing T-(i.e., fenfluthrin, cismethrin, and NRDC 108) and CS-(fluorocyphenothrin, cyhalothrin, cyfluthrin, fenvalerate, and deltamethrin) syndromes were clearly distinguished based on this characterization of neuromuscular function. Two compounds that evoke intermediate pyrethroid behavioral syndromes (i.e., cyphenothrin and fenpropathrin) also displayed intermediate electrophysiological profiles [191] . Grouping pyrethroids according to electrophysiological actions on skeletal muscle in rat is mostly consistent with previous pyrethroid classifications in rats (i.e., T-, CS-and intermediate TS-syndromes) and mice (i.e., Type I, Type II and intermediate Type I/II syndromes) [175, 98, 156] .
Additional studies of effects of pyrethroids on phenobarbitalinduced sleep [164, 165] or sensorimotor function ( [35, 111] see Section 4.5) suggest that alternative criteria could be used for grouping of pyrethroid compounds. An alternative three-group classification system may also be derived using structure alone: in addition to the α-cyano and non-cyano ester pyrethroids, a third subclass of compounds without an ester linkage can be established. The tremorgenic pyrethroid ethofenprox is an example of this third type [86, 91] . There is currently scant knowledge concerning the toxicity of non-ester pyrethroids in mammals.
From a toxicological standpoint, the divergent neurobehavioral syndromes produced by different pyrethroids strongly suggest that different mechanisms of action are mediating the acute effects observed after "high-dose" exposures. The behavioral observations conducted 20-30 years ago (e.g. [175, 98, 127] ) support this assumption. The T(Type I)/CS (Type II)/TS(Type I/II) classification scheme established in these studies is still useful for systematic comparison of acute poisoning syndromes between older and "modern" pyrethroids and across different insecticide classes. However, the practical application of this classification scheme for partitioning pyrethroids into different mechanistic categories for the purpose of human risk assessment is questionable. This is because the effective dose levels (i.e. nearly lethal) used to establish the T-CS-TS scheme are well above those that are relevant to human exposures. Neurobehavioral data from studies using doses that do not produce severe intoxication are more useful in the partitioning of pyrethroids into mechanistic subcategories. This "low-dose" range is much closer to environmentallyrelevant human exposures, allows for the establishment of no observable adverse effect levels (NOAELs), and allows generation of dose-effect data with greater pyrethroid-specificity while excluding functional responses that result from excessive physical stress (e.g. prolonged dehydration, energy exhaustion, seizures) that nearly lethal exposures may evoke. The studies presented in subsequent sections include data from "high-dose" exposures that supports the T/Type I-CS/Type II-TS/Type I/II classification as well as dose-effect and timecourse data from studies using more environmentally-relevant exposures. Data from these latter studies either support or refute the partitioning of pyrethroids into different mechanistic categories depending on the neurobehavioral domain examined.
Progression of acute poisoning syndromes
The progression of pyrethroid-induced poisoning syndromes over time can be divided into five stages, with several distinct reversible alterations at sublethal doses, and an irreversible stage at very high doses. These stages were originally described for the progression of a CS-syndrome following i.p. injection of 40 mg/kg deltamethrin in LAC-Porton female rats. Behavioral signs appeared between 39 and 139 min after injection [141] . This time course typifies the progression of signs in mammalian species, which appear within 1 h of sublethal oral exposure, peak within 8 h, and recover in 12-48 h [127, 131, 33, 36, 159, 44, 15, 121, 99, 111, 156] . Table 2 summarizes the neurobehavioral findings for a typical Type I syndrome, focusing on the progression of whole-body tremors as observed by Nishimura et al. [127] after oral, i.v., or intracerebroventricular (i.c.v.) exposure of ddY male mice to allethrin. Both the route of exposure and the individual susceptibility of the test subject may influence the progression of poisoning signs [127, 26, 36, 39] . During i.v. administration, fine tremors commence immediately after dosing and very little interindividual variability in the manifestation of signs is observed. Tremor intensity and duration increase in a dose-dependent manner at sublethal i.v. doses of allethrin. Tremors were rated mild, moderate, and severe in intensity at 5.56, 6.67, and 8 mg/kg, respectively, indicating a steep dose-response. The tremorgenic action of allethrin was of longer duration at 8 mg/kg (i.e., 35-40 min) as compared to 5.56 mg/kg (i.e., 15-20 min). These results are consistent with the descriptions reported by Ray et al. [143] after i.v. administration of S-bioallethrin (i.e., an allethrin formulation enriched in trans-isomer) in rats. In contrast, the i.c.v. and oral routes required a longer time (1 to a few minutes) for clinical signs to manifest and the doseresponse relationships were more gradual than the i.v. route [127, 159] . Other pyrethroids (i.e. cismethrin, cis-permethrin, and deltamethrin) have also been reported to produce milder and delayed poisoning syndromes when using i.c.v. administration as compared to the i.v. route [74] . It has not been determined yet whether this disparity is due to a difference in the time needed to reach threshold tissue levels in the brain, or the accumulation of an active dose in potential target tissues outside the brain (e.g. PNS; see [156] ) from compound present in the circulation.
Quantitative endpoints
The following is a comprehensive compilation of reports on quantitative assays of pyrethroid neurobehavioral effects. The available peer-reviewed literature includes data from multiple endpoints that are presented in neurobehavioral domains as follows: motor activity, coordination, neuromuscular response, tremors, acoustic startle response, learning and memory, sensory response, and social interaction, reactivity to handling, anxiety, and sexual behavior. Information on the experimental designs and purity of test materials is included to allow for appropriate comparison of findings across studies. A clear disparity between the amounts of available evidence across neurobehavioral domains will be noticed.
Motor activity
Motor function is a behavioral domain impaired by all pyrethroid compounds regardless of species (see Tables 1-3) . Before presenting any quantitative data on pyrethroid effects, some terminology will be defined as follows. Spontaneous motor activity refers to movements measured in the absence of any intervention (i.e., social, pharmacological, surgical, or environmental) influencing the willingness of the animal to move during the testing period and is usually applied to homecage observations of activity. Motor activity (or general motor activity) is the summation of movements in any part of the body regardless of the distance traveled in horizontal or vertical direction, in response to the testing conditions. Thus, motor activity includes locomotor and non-locomotor movements. Locomotor activity refers to ambulation, i.e. a change in the coordinate position of the subject within the testing device (open arena, maze, alley, etc.) by walking, circling, running, or rearing. Non-locomotor activity refers to behaviors such as scratching, pawing, grooming, burrowing, head or body shakes, and sniffing. Quantitative measurements of motor activity are the result of the interactions between the test subject and the testing apparatus. These interactions are recorded as patterns of motor-activity measurements that correspond to complex behaviors exhibited by the experimental animal throughout the testing trial in response to a novel environment. These include exploration, habituation, motivation, anxiety, and fear [161, 32, 37] . Administration of a test chemical may effectively modify these interactions, which would in turn result in Table 2 Comparison of the time course of allethrin-induced neurotoxicity after exposure by different routes alterations in the pattern of motor activity observed during the testing phase. Thus, motor-activity measurements represent a "composite score" which may include changes in a number of unique behaviors rather than a change in a single, well-defined behavior.
We have recently determined the relative potencies of eleven pyrethroids in Long-Evans rats using motor activity in a figureeight maze [187] . Relative potency factors (i.e., for each compound i, ratio ED30 IC 1 /ED30 i where IC is the index compound), ranged from 0.0086 (resmethrin) to 2.09 (esfenvalerate), using deltamethrin as the index compound. 1 Based on this work and other quantitative motor-activity assessments conducted following acute, oral exposure to pyrethroids using corn oil as vehicle and 1 ml/kg as dose volume [145, 33, 35, 111, 36, 187, 189] several generalizations can be made (see Table 3 ):
i) All pyrethroids tested (seventeen pyrethroid preparations) produce dose-dependent decreases in locomotor activity. ii) Compounds enriched in highly active isomers have greater potency than unresolved preparations, though the overall effect (i.e., decrease in motor activity) is the same regardless of isomer composition. iii) On average, α-cyano compounds are about 10-fold more potent than non-cyano compounds in decreasing motor activity. iv) Pyrethroids display up to a~240-fold difference in relative potencies for motor activity. Variability in potency among non-cyano compounds was much greater than variability among cyano compounds (i.e., 127-fold and 21-fold, respectively). v) Generally, pyrethroids produce a rapid progression of neurotoxicity. Within 24 h after dosing, onset and complete recovery of control-like performance is observed. vi) Decreases in activity occur at dosages producing typical pyrethroid signs (e.g., salivation, tremors, and choreathetosis) and below. ED30 doses for motor activity were found at levels well below the corresponding LD50s; e.g., for deltamethrin, λ-cyhalothrin and esfenvalerate, ED30s were 27-, 42-, and 73-fold lower, respectively [187] .
At sublethal doses, complete recovery of control-like motor activity occurs within 8 h of dosing in most cases. S-bioallethrin has a rapid progression in a motor-activity assay (peak at 0.5-1 h; full recovery within 3 h) while bifenthrin has a slower progression with a persistent decrease in motor activity and tremors lasting 8-24 h, depending upon dosing conditions [80, 156, 187, 189] .
Other laboratories, using a variety of testing devices, have reported decreases in motor activity following acute oral exposure to permethrin [82] , cyhalothrin [2] , λ-cyhalothrin, [81, 138] , fenvalerate [41, 105] , cypermethrin [81] , and deltamethrin [25] that are consistent with the effects listed above. No cumulative effect of pyrethroids on locomotor activity in rats was observed following repeated (once daily) oral exposure for 30 days to deltamethrin (2 mg/kg) and cismethrin (6 mg/kg) in corn oil [33] .
Appendix A (see supplementary data in URL link) summarizes eighteen studies of pyrethroid-induced effects on motor activity including assays that used commercial formulations as test materials. While most laboratories have observed decreases in activity, a limited number of studies have demonstrated slight increases or no effects on locomotor activity following pyrethroid exposure. However, these studies used commercial products with a high mass-percentage of solvents or "inerts" [38] , low-absorption routes of exposure (i.e. dermal; Mitchell et al. [117] ) or long post-dose intervals prior to motor-activity measurement [90] . These factors and the rapid Oral ED30s for pyrethroid compounds tested in different laboratories under similar dosing conditions using the figure-eight maze. Data from adult, male, Long-Evans rats is shown save study #1 where CD 1 males were used. ED30s were obtained using mathematical models in studies #7-8. For the other studies, ED30 values are visual estimations obtained from the corresponding reports. All studies used 1 h as the testing period except study #1 (2 h). Corn oil was used as vehicle in all studies and dose volume was 1 ml/kg except study #4 (0.2 ml/kg) and study #8 (1 or 5 ml/kg; marked by ⁎ or ⁎⁎, respectively). Technical grade compounds were examined in each study. nr = not reported. 1 Reiter et al. [145] , 2 Gilbert et al. [64] , 3 Crofton et al. [36] , 4 Crofton and Reiter [33] , 5 Crofton and Reiter [35] , 6 McDaniel and Moser [111] , 7 Wolansky et al., [187] , 8 Wolansky et al., [189] . 1 Deltamethrin has one of the most complete databases for neurobehavioral effects in rat [156] , including extensive dose-response and time-course data using motor activity in a figure-eight maze or open field as an endpoint (see Appendix A). Motor activity measurements across a number of deltamethrin studies have demonstrated reproducible estimates of potency [145, 33, 34, 64, 36, 187] . Moreover, its toxicokinetics in small rodents is one of the best studied among pyrethroids [8, 156, 116, 70] .
toxicokinetics of the compounds used [63, 112, 116] may have contributed to the anomalous results in these studies.
A degree of caution must be exercised in interpreting doseresponse data for pyrethroids in studies using automated photobeam-based testing devices. Photoelectric devices (i.e. open arenas or mazes) are designed to measure photobeam interruptions in individually tracked photocells. Counts can be registered by both locomotor and non-locomotor behaviors. In our experience testing a wide variety of pyrethroids with an extensive range of sublethal doses [33, 35, 36, [187] [188] [189] , the proportion of photobeam interruptions collected at any given photocell is consistent across cells at doses that decrease total motor activity but do not produce overt poisoning signs. In contrast, a marked alteration of the distribution of photobeam interruptions across photocells may be expected in a test subject undergoing severe signs of pyrethroid intoxication due to repetitive movements in front of a single photocell (i.e. prolonged tremor or choreoathetosis, seizures) and the inability to ambulate across adjacent photocells. In this situation, interpretation of the collected data may be misleading. The difficulties in extrapolating from a nearly lethal dose producing virtual absence of locomotion due to exhaustion and prostration to a "low-dose" producing a decrease in ambulation due to mild gait impairment can exemplify this problem. Thus, pyrethroid doses that produce excessive toxicity in the test subject should be avoided when generating dose-response data using an automated photobeam-based test to insure increased accuracy and precision of potency estimates for the test compound.
In summary, a number of pyrethroids from each clinical type (i.e., T-, CS-and TS-syndrome-causing compounds) have been evaluated in the open field or in maze-like devices and, in general, a dose-related decrease of general motor activity was found. Examination of a variety of pyrethroid structures supports motor activity as a simple and sensitive measure of toxicity for the entire pyrethroid class. This endpoint has been used to: 1) determine the relative potencies of numerous, structurally diverse pyrethroid preparations, 2) define threshold doses for pyrethroid toxicity [187] , 3) successfully predict the effect of exposure to pyrethroid mixtures [188] , and 4) explore the influence of oral dosing volume on pyrethroid potency [189] in rodent models.
At this time, motor activity is the most extensively characterized neurobehavioral endpoint for pyrethroid effects. Nevertheless, motor activity is an apical measure of functional impairment that may be affected by an array of diverse chemicals through a variety of mechanisms [110, 144, 95] . Other endpoints that may provide specific information on the mechanism(s) of pyrethroid toxicity should be used in conjunction with motor activity when determining the relationship between internal dose, target tissue level, and adverse neurobehavioral effects in the context of generating relevant information for estimating hazard [169, 128] . Even though motor activity lacks specificity, this endpoint may provide complementary information to neurobehavioral assays that have been proposed to have specificity for different pyrethroid types such as startle response and tremorgenic action [33, 35, 111, 156, 189] . Thus, data from dose-response assays for motor activity will aid in the interpretation of findings for mechanism-specific endpoints.
Coordination
In addition to effects on motor activity, pyrethroids also affect other behaviors that are dependent upon the coordinated movement of the animal. Decreases in motor coordination in the rotarod test were observed following 0.5-1.5 g/kg deltamethrin in mice [25] , 14.5-145 mg/kg deltamethrin in rats [108] , and 15-150 mg/kg α-cypermethrin in rats [107] . Chanh and coworkers used latency to fall from the rod as measure of effect and gum-arabic solution as dosing vehicle, while the later two studies used the number of falls from the rotating rod during the full test period (1 min) as the measure of effect and DMSO as dosing vehicle. Cypermethrin and deltamethrin have similar structures, produce CS-syndromes, and evoke similar alterations on motor and sensorimotor endpoints [33, 35, 111, 187, 156] . The rotarod studies further support the similarity between the neurotoxicological profiles of cypermethrin and deltamethrin.
Quantitative effects on righting reflex (i.e., using a FOB severity scoring method) have been reported for permethrin and cypermethrin in male and female Long-Evans rats. These data indicate that coordination is markedly impaired after oral exposure to 150 mg/kg permethrin (though only males showed statistically significant effects) or 60-120 mg/kg cypermethrin (for both males and females) in corn oil [111] . Qualitative or semi-quantitative descriptions of pyrethroid-induced deficits in balance and gait are also present in the literature for a number of T-and CS-syndrome compounds, e.g., bifenthrin, S-bioallethrin, permethrin, β-cyfluthrin, λ-cyhalothrin, cypermethrin, ζ-cypermethrin, α-cypermethrin, and deltamethrin [156, 106, 108] .
In summary, even though limited comparison across studies could be conducted due to differences in dosing and testing conditions, the accumulated evidence strongly suggests that pyrethroids, regardless of type, affect motor coordination. Since the above motor coordination studies do not include sufficient dose-response data, estimation of threshold doses for this endpoint is not possible. Dose-response data using one of the alternative tests proposed to quantify motor coordination deficits [169, 183, 128, 158] and a few compounds of each type would help in determining if this endpoint is more sensitive than others in detecting pyrethroid-induced neurotoxicity. Lastly, like motor activity, coordination in the rotarod-and rightingreflex assays may be affected by a variety of compounds and similar outcomes may result from a variety of physiological or toxicological conditions [140, 169, 183, 128] , precluding a direct association between effect measurements and pyrethroidspecific mechanism(s) of toxicity.
Neuromuscular response
A number of pyrethroid compounds have been evaluated using grip strength as a behavioral endpoint. A grip strength test utilizing a strain gauge designed to measure neuromuscular response was included in the FOB study conducted by
McDaniel and Moser using Long-Evans rats (see introduction of this study in Section 3.2). The authors observed a dosedependent decrease in both forelimb and hindlimb grip strength of adult rats 3-4 h after an acute oral dose of 25-150 mg/kg permethrin or 20-120 mg/kg cypermethrin in corn oil (see Table 4 ). Structurally, these chemicals are identical save for the addition of an α-cyano group to the alcohol moiety of cypermethrin (Fig. 1) . Moreover, a similar FOB protocol was recently applied to characterize the neurotoxicity of bifenthrin (i.e., a potent T-syndrome pyrethroid) in corn oil in adult rats. A dose-related weakening of forelimb grip strength was observed after oral administration of 1-20 mg/kg bifenthrin [187] , which is consistent with the effects of permethrin [111] , another T-syndrome pyrethroid.
In another study, supermethrin (i.e., a commercial formulation of cypermethrin) was examined using a grip strength assay 4 h after acute exposure of male rats [81] . Four doses of supermethrin (i.e., 4.5, 9, 18, and 27 mg/kg) were tested using oral gavage route and corn oil as vehicle. Consistent with the results of McDaniel and Moser [111] , supermethrin weakened the response in this assay. Interestingly, the lowest dose producing significant effects compared to control was different for hind-and forelimb grip tests (i.e., 9 and 27 mg/kg, respectively). Differential sensitivity of hind-and forelimb grip responses (i.e., hindlimb grip more sensitive than forelimb grip for cypermethrin neurotoxicity) was also observed by McDaniel and Moser [111] in the case of female rats but not in males. It is unknown why differential sensitivity of hind-and forelimb measurements of grip strength was observed in male rats in one study and females in the other. Other studies have demonstrated a decline in grip strength in rats following oral exposure to natural pyrethrins [50, 51] and synthetic pyrethroid preparations including τ-fluvalinate [49] , bifenthrin, S-bioallethrin, β-cyfluthrin, deltamethrin [156] , and fenvalerate [113] .
A study by Abou-Donia et al. [3] also noted a reduction of grip strength in rats on days 30 and 45 after dermal administration of technical grade permethrin in 70% ethanol (0.13 mg/kg/day). This study used a route of exposure that results in lower blood concentrations of pyrethroids than the oral route [124, 163] . Also, in contrast to the study of McDaniel and Moser [111] , latency (i.e., time to release a wood dowel gripped with both forepaws) was the endpoint. This is an indirect measurement of grip strength. Differences in these experimental conditions prevent direct comparison of the two studies.
One comprehensive toxicological evaluation of α-cypermethrin did not show any significant effects on grip response after acute oral (gavage) exposure or repeated oral (dietary) exposure of CRL:CD rats to doses up to 40 mg/kg and 27 mg/kg/day, respectively [52] . In the acute exposure assays, rats were tested 5 h after administration of a single oral dose. In the repeated dose neurotoxicity assessments, rats were tested during weeks 2 and 6 of a 6-week study. Isomerically enriched α-cypermethrin is approximately three-fold more toxic than cypermethrin (CYP) by the oral route (i.e., LD50 CYP /LD50 α-CYP ≈ 3) in rats [184] . The effective acute oral doses of cypermethrin cited by McDaniel and Moser [111] for inducing decreases in grip strength were 60-120 mg/kg. Thus, multiple experimental and biological factors may have contributed to disparate results observed between these two cypermethrin studies.
In conclusion, the available evidence strongly suggests that pyrethroids, regardless of clinical profile, weaken the neuromuscular response as observed in grip strength assays conducted using rats. Like the previously described endpoints (i.e. motor activity and coordination), there is a consistent decrease in response for all the pyrethroid compounds examined. However, the database is insufficient to determine the relative sensitivity of this endpoint for pyrethroid neurotoxicity. Finally, decreases in grip strength observed following acute pyrethroid exposure do not seem to provide a means to distinguish compounds that produce T, CS, or TS poisoning syndromes. In summary, this endpoint would not improve the precision, simplicity, or sensitivity observed in studies using motor activity (see Table 3 ) as an outcome [136, 111, 35, 187] .
Tremors
Tremors are one of the most consistent neurobehavioral signs following exposure to overtly toxic doses of pyrethroids. Although several studies have qualitatively described pyrethroid-induced tremors in animals, only a handful have quantitatively examined this effect. Two methods have been employed to quantify pyrethroid-induced tremors: 1) rankordered scales of severity and 2) spectral analysis. (480 mg/kg) . The actions of allethrin were not scored in the same fashion across the different routes of exposure examined. In the i.v. study, the authors developed a four-point scale for tremor severity, spanning "light tremors of the body but not limbs" (score of 0.5) to "lying down and writhing with severe tremors" (score of 2). For the i.v. exposure, dose-dependent increases in tremor severity or incidence were observed [127] . For i.c.v. administration, the variation in tremor magnitude across doses was minor, so a simple designation of presence or absence of tremor throughout the body was used. Tremors observed following oral administration were not scored.
The FOB study by McDaniel and Moser [111] also noted that the incidence and intensity of permethrin-and cypermethrininduced tremors increased in a dose-dependent manner following an oral exposure. The characteristics of the tremors differed between the two types (strictly clonic movements with permethrin, clonic and tonic movements with cypermethrin). In this work, tremor was noted as 'absent', 'mild', 'moderate', or 'severe'. The occurrence of moderate to severe whole-body tremor was observed at 2-4 h after exposure to permethrin (i.e. 75-150 mg/kg), and increased in intensity in a dose-related fashion. Cypermethrin (i.e. 60-120 mg/kg) greatly affected equilibrium and muscle tone, and produced spasmodic (i.e. choreathetotic) flexions and extensions of the body musculature that were noticeable at 1.5, 3 and 24 h post-dosing.
Another study using scores for tremor severity was recently conducted by Anand et al. [10] . This study evaluated adolescent (40 days old) and adult (90 days old) male SD rats (N = 4 per group) that were orally administered 10 mg/kg deltamethrin in glycerol formal. Treated rats were observed at 1 h intervals for up to 6 h after dosing. Tremors were ranked using a 0-1-2-3 scale, spanning from no tremor (score of 0) to violent tremor and no voluntary control of movements (score of 3). An equivalent scale was used for ranking the intensity of salivation in the same animals. No evident tremor was observed. However, both age groups had a rapid onset of mild-to-moderate salivation that peaked at 2 h and recovered by 3-4 h after exposure. Transient tremors rapidly progressing to choreoathetosis after acute exposure to deltamethrin have been previously described in the literature; this is a neurobehavioral sign that occurs after the onset of salivation and only appears at doses higher than those that produce mild-to-moderate salivation [141, 146, 16, 191] . Since severe salivation was not observed in this study, the absence of tremors was likely due to a relatively low dose of deltamethrin under the dosing conditions used.
In the second type of study, Herr et al. [77] conducted a spectral analysis of permethrin-induced tremors 5 h after an oral dose of 120 mg/kg. Tremor intensity was quantified using a load cell transducer attached to a platform where the rat was placed, and was expressed as a power curve along a range of frequencies (i.e., 2.5-22.5 Hz). Permethrin-treated animals showed higher peak amplitudes across frequencies than vehiclecontrols. The magnitude of this difference was particularly large in the 12.5-22.5 Hz range. Permethrin was also examined by Hudson et al. [83] using a similar method. In this study, the time course of permethrin-induced tremor was characterized for doses of 120 and 240 mg/kg. For both doses, tremor was undetectable at 1 h and reached a peak at 5 h. Total recovery was observed at 12 h and 24 h after 120 and 240 mg/kg, respectively. In addition, tremors were further quantified at 5 h after exposure to 45, 90, and 180 mg/kg permethrin. Tremor intensity increased in a dose-dependent manner at 90 and 180 mg/kg. Spectral analysis of tremor frequency has not been used to examine other pyrethroid compounds. Therefore, amplitude changes induced by permethrin within a particular frequency range should not be considered a specific result that is appropriate for measuring the tremorgenic action of all T-syndrome pyrethroids, as other compounds may induce peak effects in different frequency ranges. Moreover, the frequencies at which peak amplitude (i.e., peak intensity) of tremor is observed cannot be assumed a priori to be the same between doses. This complicates the selection of the appropriate frequency range for measuring tremor within and across compounds. Notably, in the same work, measurements of startle response amplitude and rectal temperature were more sensitive than tremor intensity for detecting permethrin-induced effects [83] , which provides evidence that spectral analysis of tremors could be less sensitive than other methods for quantifying pyrethroid neurotoxicity.
Future studies of tremor using spectral analysis should include dose-response relationships for a number of pyrethroid compounds. Additional tremor assays would help determine 1) whether peak effects are consistently observed in the same frequency range for multiple compounds; 2) whether this endpoint has the sensitivity required to construct relative potency relationships; and 3) whether peak response amplitudes would remain in the same frequency range across doses. If tremor patterns were different between compounds, then the capability of this measure to distinguish between different pyrethroid subclasses [175, 98, 111, 156] makes tremor pattern a useful (i.e., specific) endpoint for creating a partitioning criteria for these insecticides.
Acoustic startle response
The acoustic-evoked startle response (ASR) is a behavioral endpoint that has been used to study pyrethroid effects on sensorimotor function in rats [33, 35, 79, 78] . Contrary to the consistent pattern of motor-activity effects (i.e., decrease in activity), divergent effects on ASR parameters (i.e., latency and amplitude) have been observed dependent upon the structure of the pyrethroid. Table 5 shows the results obtained with several Type I and II compounds evaluated under similar dosing and testing conditions (taken from Crofton and Reiter, [33, 35] ). Type II compounds with phenoxybenzyl alcohols linked to a halogenated acid moiety (i.e., cypermethrin, deltamethrin and cyfluthrin) produce a decrease in ASR amplitude and an increase in latency. However, Table 5 also shows that Type II compounds with acid moieties that contain aromatic rings (i.e. fenvalerate, fluvalinate, and flucythrinate) do not produce the same ASR alterations, indicating only a partial commonality in ASR effects across cyano compounds. Type I compounds (i.e. permethrin, cismethrin, RU11679) increase ASR amplitude and have no effect on latency [33, 35] . These results are mostly consistent with those reported by Hijzen and co-workers for permethrin and deltamethrin [78, 79] .
These results, obtained using quantitative ASR testing systems, are only partially consistent with those found in semi-quantitative or qualitative assessments of sensorimotor response following acute exposure to pyrethroids. Part of the FOB implemented by McDaniel and Moser [111] generated severity scores for click-, touch-, and approach-responses at 3 or ∼ 5 h after oral dosing with cypermethrin and permethrin, respectively. Touch-and approach-response scores were decreased with cypermethrin or increased with permethrin; however, the click-evoked response was increased for both compounds [111] . In another study, rats were assessed for click response using FOB procedures after oral exposure to 1-20 mg/ kg of the T-syndrome pyrethroid bifenthrin in corn oil [189] . A dose-related increase in click response scores was observed from 6-20 mg/kg. This finding is consistent with abovementioned ASR [35] and FOB [111] results for permethrin, a prototypic "T" compound. Nevertheless, equivalent cypermethrin preparations and animal models produced opposite effects on two closely related endpoints across studies, i.e., the ASR [35] and the click response [111] . Moreover, Hijzen and Slangen [78] report a dose-dependent increase in startle amplitude in rats following oral exposure to cypermethrin (60-120 mg/kg) in corn oil. In this study, oral exposure to deltamethrin (6 mg/kg) in corn oil attenuated ASR amplitude, a finding consistent with the result of Crofton and Reiter [33] using the same vehicle. The reasons for the inconsistency between laboratories and across compounds (i.e., equivalent findings for permethrin and deltamethrin, opposite changes found for cypermethrin) are unclear (see Table 5 ).
Sensorimotor observations were also included in the extensive study of 29 compounds carried out by Lawrence and Casida [98] in mice (see details in first paragraph, Section 3.2). Increases in startle response are mentioned as a general finding but no compound-specific information for this aspect of pyrethroid neurotoxicity was provided in this report. There are other descriptions of unpredictable patterns of sensitivity to external stimuli, with no clear distinction between cyano and non-cyano compounds [156] . Unfortunately, the diversity of species, routes, and dosing/testing procedures used to assess sensorimotor output complicates a direct comparison across above-mentioned pyrethroid studies.
A synthesis of ASR and click-response findings for pyrethroids shows that there is an evident alteration of sensorimotor function after pyrethroid exposure, although a few exceptions to this rule may exist (i.e., see fluvalinate in Crofton and Reiter [35] ). Some contradictory findings highlight the difficulties in interpreting the structure-specific actions of pyrethroids in this behavioral domain. Examination of a greater number of T-, CS-and TS-syndrome compounds in standardized time-course and dose-response assays would help determine if the acoustic startle response upholds the T-CS-TS (or Type I-II-I/II) classification scheme for partitioning pyrethroid compounds into groups with similar adverse effects in mammals.
A tentative grouping criterion for ASR patterns could be proposed based on the available data. Pyrethroids could be divided as follows: T-syndrome compounds producing an increase in startle amplitude (i.e., permethrin, bifenthrin, cismethrin, and RU11679), CS-syndrome compounds producing a decrease in startle amplitude (i.e., deltamethrin, cypermethrin, cyfluthrin, and flucythrinate), and a third (minor?) group of pyrethroids (i.e., fenvalerate) that produces alterations in ASR parameters that are not predicted by the presence or absence of a cyano moiety and are not dependent on the type of clinical landmarks observed. The utility of divergent acoustic startle response profiles in partitioning pyrethroids into clinical categories has not yet been examined beyond the semiquantitative FOB assays conducted by McDaniel and Moser [111] . Examining neuronal responses along the acoustically evoked startle reflex axis using electrophysiological recordings and/or pharmacological challenges, coupled with additional neurobehavioral characterization of this functional domain (see [151, 31, 160, 134] ), could be useful in determining the utility of this domain for elucidating the neurological basis of divergent pyrethroid effects.
Learning and memory
The acute effects of pyrethroids on learning and memory have been examined in a number of studies. In previous sections, data were presented that motor and sensorimotor behaviors are altered by pyrethroid doses well below those Single doses of nine pyrethroids were administered in corn oil by the oral route (1 ml/kg). All compounds except fluvalinate modified the startle response amplitude. The organochlorine pesticide p,p-DDT was also included because of its similar action at voltage-sensitive channels as compared to Type I pyrethroids [122] . Contrary to the common actions of all pyrethroids on motor function (i.e. activity decrease), qualitative differences were observed among different pyrethroid compounds using ASR as the endpoint. The doses examined in these ASR studies are in the same range that produces evident decreases in motor activity in the figure-eight maze [33, 35, 111, 187] . Taken from Crofton and Reiter, [33, 35] . †
The main effect of treatment was significant (ANOVA, p b 0.05), but post hoc pairwise comparisons did not reach statistical significance between control-and fluvalinate-treated groups.
‡ There was a trend for an increase in startle response latency that did not reach statistical significance.
producing evident whole-body tremor, choreoathetosis, or convulsions. The accumulated evidence indicates that learning, and memory tasks that are dependent upon motor or sensorimotor function may also be disrupted by pyrethroids at levels well below those that induce severe neurotoxicity. The available reports focused on two different assays to assess pyrethroid effects on learning: schedule-controlled operant behavior (using food as a reward) and aversively motivated learning. Pyrethroid-induced neurobehavioral effects were characterized using schedule-controlled behavior as an endpoint in rats and mice. Peele and Crofton [132] utilized this approach with adult rats exposed orally to permethrin (100-400 mg/kg) or cypermethrin (7.5-60 mg/kg) in corn oil. The response rate (lever press) following a visual stimulus was measured in operant conditioning chambers under a variety of variable interval reinforcement schedules. Both pyrethroids impaired performance, with some compound-specific differences. Cypermethrin (at doses up to 30 mg/kg) did not modify the theoretical maximal response rate (MR), although a dose-dependent decrease in overall response rate was observed. Administration of 7.5, 15, and 30 mg/kg cypermethrin increased the reinforcement rate required to maintain half-maximal responses in a dose-dependent manner with no effect on MR, suggesting decreased motivation. Moreover, cypermethrin at 60 mg/kg affected both MR and the relationship between reinforcement rate and performance. It was concluded that cypermethrin affects motivational mechanisms that influence the association between reinforcement rates and motor response [132] . In addition, a clear dose-dependent decrease in overall response rates was observed with permethrin at dosages of 200-400 mg/kg. However, in the case of permethrin at 300-400 mg/kg, an equivalent decrease in response rates (i.e., 37-61% drop) was associated with only a 15-36% decrease in reinforcement rates, indicating no major role of motivation on permethrin-evoked deficit in performance. These findings suggest differences in the mechanisms of toxicity responsible for the decrease in operant performance occurring after exposure to permethrin and cypermethrin for which the only structural difference between them (i.e., presence of an α-cyano group in cypermethrin) would play a determinant role. Table 6 summarizes literature reports that use operant behavior as an endpoint. Data from these studies indicate that a variety of pyrethroids decrease operant response rates, regardless of reinforcement schedule in rats [103, 14, 132, 159] and in mice [69] . Noteworthy, in the study of Glowa [69] , no evident change in the deltamethrin (3 mg/kg)-induced decrease in responding rates was observed after repeated (once daily) administration for 10 days compared to the decrease observed 30 min after the first single dose. This is consistent with the absence of cumulative effects after repeated exposure to deltamethrin in rat using motor activity as an endpoint ( [33] ; see p.21). In addition, permethrin modifies schedule-controlled behavior at lower doses (30-60 mg/kg) using i.p. exposure [14, 159] as compared to 200-400 mg/kg using the oral route [132] ; however, differences in experimental conditions other than route of exposure could have produced this disparity of effective dose ranges. This table also includes a report in which permethrin (15-60 mg/kg i.p.) failed to modify acquisition of a The effects of pyrethroids on operant responding using a variety of experimental designs. Details on animal models, test materials, dose ranges, and testing conditions are included in the table. Three to five dose levels were tested in most cases. The absence of effects using trans-permethrin [14] is consistent with the generally poor toxicity observed in pyrethroid preparations enriched in trans-isomers in small rodents [156] . light-evoked response (lever press) in male and female rats [174] . It remains uncertain how the dosing and testing conditions of this study may have resulted in this finding.
Pyrethroids have been shown to decrease the rate of food intake [92, 182, 81] . This is a potential confounder in evaluating pyrethroid-induced decreases in operant response rates in rats where food is the reinforcer (see e.g., [159] ). However, the anorexic effects of pyrethroids occur at or above the highest doses used in these operant evaluations. Accordingly, it is unlikely that changes in food intake confounded operant response rates following the acute, low-dose exposures to pyrethroids used in the studies summarized in Table 6 .
Little evidence is available for aversively motivated learning. Husain et al. [85] reported that repeated oral exposure to a commercial formulation of deltamethrin (7 mg/kg/day, 15 days) in rats caused a 30% decrease in a re-learning index for an avoidance response based on visual discrimination in a Y-maze 24 h after the last deltamethrin dose. In addition, a deficit in an avoidance behavior task was reported in adult rats treated for 20 days with 18 mg/kg/day of a commercial formulation of λ-cyhalothrin using oral gavage administration [81] . In the same study, 4.5-27 mg/kg of a commercial cypermethrin formulation (i.e., "supermethrin") had no effect in the same test, in either the training or the retention phases [81] . However, these assays are not treated in detail here because the effects were observed days to weeks after repeated doses of commercial pyrethroid formulations, thus making comparisons with the acute effects of technical grade pyrethroids difficult.
Assessments of schedule-controlled behavior and aversive learning may provide a very sensitive method for detecting pyrethroid-induced neurotoxicity in rat. Permethrin given at an oral dose of 7.5 mg/kg (i.e. 1/6 of the oral ED30 for motor activity; Wolansky et al. [187] , effectively modifies several parameters of schedule-controlled responding [132] ). Reiter et al. [145] describe oral ED50s for deltamethrin using aversive learning (i.e., 1.6 mg/kg) or schedule-controlled conditioning (i.e., 3.5 mg/kg) that are lower than that described in a motoractivity test (i.e., 7.6 mg/kg).
In summary, a few T-and CS-syndrome pyrethroids have been evaluated using learning-related endpoints after acute exposures in small rodents. Most of the available evidence on these acute effects consistently shows that pyrethroids, regardless of type, produce dose-related decreases of operant response rates in tests involving food as a reward. As mentioned in previous sections, pyrethroids produce acute decreases in motor activity, weakening of neuromuscular strength, and impaired motor coordination. The relative role of these three effects in contributing to the deficits observed in tests of learning and memory using operant responding or aversive learning is uncertain. In addition, schedule-controlled behavior presents an apparent increase in sensitivity for detecting pyrethroid effects when compared to other neurobehavioral endpoints such as motor activity. However, these data were obtained using a variety of experimental conditions (i.e., different animal models, routes of exposure, dosing conditions, and testing procedures), restricting the generalizations that can be made when comparing studies.
As a tentative conclusion, scheduled controlled operant response and aversive learning tests may provide models to examine pyrethroid-induced deficits in motoric performance as well as learning and memory with acceptable sensitivity and specificity and allow the exploration of mechanistic differences between pyrethroids producing different syndromes. Interpretation of the available data (i.e., operant responding rates in particular) may be difficult due to its dependence upon the integrated performance of several neurobiological systems (e.g., motor coordination, sensory responses, and crossmodal association). In addition, the execution of schedule-controlled operant conditioning assays are generally more complex and time-consuming than most of the other neurobehavioral endpoints discussed in this review. Ultimately, the information on the pyrethroid-type specificity of these endpoints is limited and their apparently superior sensitivity (a clear advantage when examining the effects of environmentally-relevant lowlevel exposures) cannot be used yet as an argument to support learning and schedule-controlled operant responding as effective endpoints for classification of pyrethroid syndromes.
Somatosensory response
The FOB implemented by McDaniel and Moser [111] included semi-quantitative assays of touch-, click-and tailpinch responses at different times after oral exposure of rats to permethrin and cypermethrin. Both pyrethroids evoked changes in all of these endpoints (see Sections 3.2 and 4.5). The progression of these changes showed apparent similarity to those observed for other neurobehavioral endpoints (e.g., motor activity, gait, neuromuscular response, body temperature), with maximal effects occurring within 4 h, and recovery by 24 h after exposure. Compared to other endpoints used in the same study, the reactivity to different sensory stimuli did not show any advantage in sensitivity for detection of pyrethroid neurotoxicity. However, opposite effects were found after permethrin and cypermethrin exposure (i.e., decrease or increase, respectively) in both touch and tail-pinch responses, suggesting some pyrethroid-type specificity of these sensory endpoints.
In addition, two studies used a guinea-pig flank model to characterize the effects of commercial insecticide formulations containing cyano and non-cyano pyrethroids on the skin sensory response following dermal exposure [18, 104] . The authors counted the number of times the treated animals showed behavioral activity (i.e., episodes of licking, rubbing, scratching, and biting) directed to the side of the shaved back where the test pyrethroid had been administered compared to the activity directed to the vehicle-treated contralateral side of the back. An increase in activity on the pyrethroid-treated side was evident, and this behavioral response had a rapid progression (i.e., onset, peak, and recovery within the first 4 h after exposure). However, the observed behavioral signs re-appeared when a pharmacological challenge (i.e., oil of mustard) was administered to the pyrethroid-treated site 24 h later. Formulations containing cyano compounds (fenvalerate, cypermethrin, deltamethrin, and flucythrinate) produced a greater sensory stimulation than that including permethrin as active ingredient. Another laboratory [88, 89] examined male mice after intrathecal (i.t.) administration of fenvalerate (0.01-3 μg) using two measures of sensory response. First, the cumulative amount of time spent on nociceptive responses (i.e., biting, paw licking, and scratching episodes) was counted during a 30-min session starting immediately after fenvalerate injection using acrylic observation chambers. Second, latency to withdrawal of the tail was measured after noxious heating of the skin using a light bulb under different voltage intensities. This tail-flick latency was determined before and 60 min after exposure to fenvalerate. A dose-related increase in the cumulative time of nociceptive episodes was observed along the entire dose range examined. In addition, tail-flick latency was decreased. Using a series of pharmacological assays (e.g., morphine), the occurrence of fenvalerate-induced allodynia/hyperalgesia was proposed by the authors [88, 89] . No studies were found examining the acute effects of pyrethroid insecticides on vision, smell, hearing or other sensory modalities in laboratory rodents besides the studies mentioned above.
Few conclusions can be made for pyrethroid-induced neurobehavioral effects in the sensory domain. The limited data available are of little relevance for risk assessment purposes (i.e., effects assessed after i.t. injection) or confounded by the presence of highly concentrated non-pyrethroid ingredients in the test material (i.e., commercial formulations). In addition, only one pyrethroid of each type was examined using the FOB assays. Thus, the few datasets obtained under very different experimental conditions preclude a comprehensive analysis of the evidence across laboratories. Finally, it remains to be determined if the specificity of the touch and tail-pinch responses described after exposure to permethrin and cypermethrin [111] is consistent across a wider array of T-and CSsyndrome pyrethroids.
Social interactions, reactivity to handling, anxiety, and sexual behavior
A few studies are available on the acute effects of pyrethroids on social interaction between cagemates, reactivity to handling or response to removal from cage, and sexual behavior. Most of these studies did not conduct quantitative analyses of the reported observations. A distinction must be made between effects that are based on the primary actions of pyrethroids and those stemming from modified behaviors required for social and sexual interactions. For example, prominent motor dysfunction (e.g., decrease of motor activity and deficit of motor coordination) is expected to reduce the opportunities for expressing these interactions. The multiplicity of factors that influence social and sexual behaviors (i.e., motor performance, sensory thresholds, emotional reactivity, fear, and housing conditions) poses additional difficulties in the standardization of testing conditions for these endpoints within and across laboratories. Data interpretability is also an issue. Since there are common influences that affect these different behaviors and there is little quantitative information available on them for pyrethroids, the reports using these endpoints have been grouped in this section.
Verschoyle and Aldridge [175] observed that, after i.v. exposure, a number of pyrethroids evoke bizarre and aggressive behaviors in LAC-Porton female rats. These pyrethroids included cismethrin, bioresmethrin, phenothrin, permethrin, and fenpropathrin (i.e., T-syndrome compounds in most cases). Moreover, McDaniel and Moser [111] quantified the ease of removal from the home cage as part of their comprehensive neurobehavioral evaluation of permethrin (25-150 mg/kg) and cypermethrin (20-120 mg/kg) in Long-Evans rats of both sexes. Dose-dependent increases in scores for this endpoint were found in both cases. At highly effective doses, permethrintreated rats were very difficult to handle (a few showing aggressive behavior), whereas cypermethrin-treated rats did not show aggressive reactions in any case.
There is evidence from two studies that demonstrates that commercial formulations of CS-syndrome pyrethroids reduce the time spent in social interaction in male, adult Wistar rats [41, 2] . The former study assessed acute effects in an open field arena 1.5 h after a single, oral exposure to fenvalerate [41] . The latter study used a similar observation protocol but the session was started 24 h after the last oral exposure to cyhalothrin under a 7-day repeated (once a day) dosing scheme [2] . The decrease in time spent in social interactions was shown to be dosagerelated for fenvalerate (1-30 mg/kg) but no dose-dependence was found for the effect of cyhalothrin (1-7 mg/kg). In addition, an increase in fighting episodes after oral exposure to 7 mg/kg deltamethrin (i.e., Decis®, a commercial formulation containing 2.8% deltamethrin) under a 15-day repeated (once a day) dosing scheme has been reported [85] .
There is little and inconsistent evidence for the anxiogenic effect of CS-syndrome compounds in the rat. The two studies mentioned above for fenvalerate and cyhalothrin included elevated plus-maze assays [41, 2] . Fenvalerate did not produce any acute effect on any parameter of anxiety using this test 1.5 h after oral exposure [41] . In contrast, cyhalothrin (at 3 mg/kg, once daily during 7 days) evoked a 30% decrease in time spent in open arms, and a mild increase in time spent in closed arms [2] , suggesting an anxiogenic-like response.
Last, only one study could be found quantifying the effects of a commercial pyrethroid formulation on various aspects of sexual behavior. Ratnasooriya et al. [138] administered a insecticide product (i.e., ICON®) containing 10% λ-cyhalothrin as the active ingredient to young adult albino rats of both sexes and carried out cage-side observations 0-5 h after dosing. Two doses of λ-cyhalothrin were prepared in distilled water (63 and 100 mg/kg) and were administered daily, by gavage, for 1 week. Clinical signs appeared 2-3 h after dosing, and persisted for 6-10 h. Treated males displayed an inhibition of sexual behaviors at the two doses examined. This effect included inhibition of a libido index, and increase in the latency for mounting, intromission, and ejaculation, suggesting an overall impact on sexual motivation. It is uncertain if these effects on sexual behavior were secondary to ICON® induced alterations on other functional domains.
In summary, the limited evidence available indicates that pyrethroid exposure may disrupt some aspects of social and sexual behaviors and may produce alterations in reactivity to physical contact with the experimenter or between cagemates in rodent species. However, the data are insufficient to determine whether these effects are observed for the entire pyrethroid class or if they are specific to compounds of the T, CS, or TS subclasses. It should be noted that a number of the studies included in this section used commercial formulations as test materials that include inert ingredients, precluding any definitive conclusions about the action of the tested pyrethroids on social and sexual behaviors and anxiety. For instance, the ICON® formulation used in the sexual behavior assay contains 90% "inactive ingredients" that have unknown effects on the examined endpoint. The conclusion that the active ingredient of ICON® (i.e., λ-cyhalothrin) is responsible for the alteration of sexual behaviors can only be made if a technical formulation containing λ-cyhalothrin is examined under the same testing conditions. The sparse quantitative data regarding aggression, handling, anxiety, social interactions and sexual behavior make the utility of these endpoints for risk assessment purposes uncertain.
Other descriptions of pyrethroid-induced neurobehavioral toxicity
The comprehensive FOB study that has already been mentioned in previous sections [111] shows acute, dose-related increases in the incidence of abnormal movements and gait impairment in male rats after a single oral exposure to permethrin or cypermethrin. The lowest dose that produced alterations in these endpoints was 75 mg/kg and 20 mg/kg for permethrin and cypermethrin, respectively. At the highest doses tested, cypermethrin (120 mg/kg) induced much greater gait abnormality scores than permethrin (150 mg/kg), even though the highest dose of permethrin produced moderate to severe whole-body tremors. This suggests that motor-related endpoints are more susceptible to cypermethrin-induced dyskinesia than permethrin-induced tremors. In addition, Hornychová et al. [81] carried out a comprehensive FOB-like battery of tests to examine supermethrin, a pyrethroid preparation derived from cypermethrin. This study used similar animal model (young adult rats) and dosing conditions (corn oil as vehicle and 1 ml/kg as dose volume) but different administration schedules (i.e., repeated daily dosing) and testing times (i.e., 4 h to 28 days after first dose). In general, for all functional domains evaluated during the acute phase of this complex evaluation the findings were consistent with the cypermethrin assays conducted by McDaniel and Moser [111] . Thus, only three pyrethroid preparations (i.e., permethrin, cypermethrin, and supermethrin) have been examined using FOB-like protocols [111, 81] , so the limited available evidence precludes generalizations.
FOB assays are valuable tools for the screening of potential neurotoxicants; however, measurements are subjective [162] . Therefore, while studies using FOB-like protocols can provide comprehensive descriptions of chemical-induced neurotoxicity, the execution of the FOB needs to be conducted by well-trained experimenters to assure reproducibility within and between studies. In the case of pyrethroids, FOB could be applied for exploratory analysis and clinical classification of compounds under the proposed T-, CS-and TS-syndrome scheme. However, multiple functional observations using only a few dose levels may not be as advantageous as extensive doseresponse assays using a few specialized tests for defining sensitivity thresholds or estimating relative potencies for numerous pyrethroids [162, 169, 183, 128] . A tentative analysis of the available FOB data shows that while the full FOB protocol includes numerous functional evaluations (mostly qualitative descriptions and ranked observations), in the cypermethrin study using male rats, motor activity (figureeight maze) and (rectal) body temperature were the most sensitive endpoints [111] . Therefore, FOB assays show a greater potential as a method to refine the toxicological classification of pyrethroids than as a functional evaluation to obtain potency estimates with superior sensitivity.
Variables that influence pyrethroid potency in neurobehavioral studies
In most cases, analysis of potencies for pyrethroids is complicated due to inconsistent results observed under different experimental conditions across studies. In many reports, similar animal models, test compounds, and dosing vehicles were used to examine comparable neurobehavioral domains. However, comparisons cannot be made because of inconsistent testing conditions or an incomplete description of experimental methods. Pyrethroid-induced neurotoxicity may be influenced by a variety of biological factors and/or experimental conditions [68, 74, 156, 23] . Vehicle and route of exposure [127, 26, 36] , dosing volume [189] , isomer composition [156] , formulation [186] , age [154] , and body size [122] , are recognized determinants of pyrethroid toxicity. There is also emerging evidence suggesting that different test apparatus [37, 32] and food deprivation [114] may also determine differences in the outcomes after acute exposure to pyrethroids. Last, circadian rhythms [196, 140, 179] , ambient temperature [122] and housing conditions [71, 72] , are additional conditions with potential to influence estimates of pyrethroid potency using neurobehavioral endpoints. Identification of the biological and experimental determinants of pyrethroid neurotoxicity and ascertainment of their actual impact on pyrethroid potency estimates would provide valuable guidance for the interpretation of neurobehavioral data collected in a variety of laboratory settings. The multiplicity of factors affecting endpoints for pyrethroid neurotoxicity advocates careful consideration of experimental conditions before elaboration of conclusions within or across studies.
Significance of neurobehavioral findings and research needs
This exhaustive and comprehensive compilation of data on the neurobehavioral effects of acute exposure to pyrethroid insecticides in adult mammals is intended to help plan the allocation of efforts and resources for expansion of the database for pyrethroid neurotoxicity, particularly in the context of identifying relevant information that can be used in risk assessment processes. Pyrethroid usage has increased throughout the last 20 years and will likely continue to increase in the future [19, 7, 119, 40, 58 ]. Notably, low-level exposure to multiple pyrethroids has been recently reported in human populations [185, 54, 24, 166, 87] . Given that simultaneous exposure to multiple pyrethroids occurs, a critical issue driving the current risk assessment efforts is whether or not to regulate pyrethroid compounds through a cumulative risk assessment framework, as individual compounds, or as two or more subclasses with divergent mechanisms [94, 156, 153, 142] . One of the principal criteria for determining if a group of compounds should be examined in a cumulative risk format is that they act through the same mode-of-action [170] . Data on the neurobehavioral effects of pyrethroids can help guide policy decisions on which strategy is most appropriate for estimating human risk.
Based on in vitro data of nerve membrane and ion channel function, it has been proposed that all pyrethroid compounds act through the same primary mechanism of action [123, 122, 156] .
In vitro studies such as these are of great value in identifying and characterizing the molecular sites of action for pyrethroids. However, data from neurobehavioral assays provide critical pieces of information not available from in vitro studies and yet essential to the primary goal of risk assessment, protecting human health, namely: 1) do the pharmacological actions of environmentally-relevant levels of different pyrethroids result in similar or dissimilar adverse outcomes, 2) which adverse effects are the most sensitive to pyrethroid exposure, 3) what are the exposure threshold levels for adverse effects produced by individual compounds, and 4) is the toxicity of environmentally-relevant pyrethroid mixtures equal to that produced by the mathematical additivity of the individual-compound effects? The current database on the neurobehavioral toxicology of pyrethroids can be used to begin to address these questions.
At this time, the accumulated neurobehavioral evidence summarized in this review both contradict and support mechanistic commonality for in vivo toxicity. If only functional observations of rats exposed to "high" sublethal levels of different pyrethroids were taken into account, the experimenter would conclude that the test compounds belong to at least two toxicological classes (see Table 1 ) due to the divergence of the acute poisoning signs that are observed (see also Crofton and Reiter [35] ; McDaniel and Moser [111] ; Peele and Crofton [132] ). On the other hand, data obtained using a variety of neurobehavioral endpoints at "lower" doses indicate that there are similarities (motor activity, grip strength, motor coordination, and operant responding rates) and differences (startle and thermoregulatory responses, and some FOB-related measures) in the adverse effects observed across members of this pesticide class. Currently there is an effort to determine if all pyrethroid compounds act through the same toxicological mechanisms in intact mammals or if the action of different pyrethroids at primary (or secondary) molecular target sites results in activation of divergent toxicological pathways [74, 120, 156, 17, 109] . A specific biochemical assay that can be used to predict pyrethroid-mediated neurotoxicity across mammal species (such as blood acetylcholinesterase inhibition in the case of organophosphate poisoning; B. Ryan et al. [12] , and USEPA [170] ) is not available. In addition, the paucity of data concerning exposure of humans to minimally effective pyrethroid doses prevents determination of a critical effect (the adverse outcome observed at the lowest administered dose; USEPA [168] ) or even whether or not the same neurobehavioral domains are sensitive to pyrethroid effects across species. In the absence of any other pyrethroid-specific assay, neurobehavioral effects observed at the "lower" end of experimentally effective dose ranges seem appropriate for use as partitioning criteria for different risk categories given that the administered doses are closer to the exposure levels observed in human populations. This strategy would be expected to increase the accuracy of NOAEL and threshold doses, and reduce the uncertainty related to the extrapolation from high-dose to low-level exposures in animals and the estimation of risk in humans using animal data. Table 7 is a summary of the functional endpoints that have been used to explore pyrethroid-mediated effects on behavior and some physiological domains in the rat. Only reports including well-defined pyrethroid exposures (using test materials of technical purity) are considered. The number of compounds for which data have been reported in peer-reviewed sources is listed for each endpoint. In addition, this table includes a comment on the sensitivity, specificity, simplicity, and reliability of each endpoint that can be determined from the data that are currently available. For the purpose of this discussion, type-specificity refers to whether or not the neurobehavioral assays in question produce qualitatively different results for different pyrethroid compounds. Below, a critical analysis of the neurobehavioral data for pyrethroids is presented that identifies advantages and limitations of the examined endpoints for investigating pyrethroid-mediated neurotoxicity. In addition, comments on whether or not the results demonstrate a common adverse outcome throughout the pyrethroids that have been studied and the adequacy of the studied endpoints for use in a risk assessment process are provided.
Summary and perspective
Measurements of motor activity have several advantages for use in the assessment of pyrethroid neurotoxicity, including high sensitivity, simple testing procedures, and reproducibility across studies [145, 33, 35, 111, 187, 189] as well as automated collection of data that precludes observational bias. The available data indicate that all pyrethroids decrease motor activity. Thus, this neurobehavioral effect does not provide information on potential type-specific mechanisms of pyrethroid neurotoxicity. Similar to motor activity, data from rotarod-and righting-reflex tests indicate that a common adverse effect is observed across the examined pyrethroids (i.e. decreased motor coordination). Likewise, a common adverse effect is observed across different pyrethroids in schedule-controlled operant behavior (i.e. decrease in responding rates; see Table 6 ). For the latter two functional domains, doseresponse information using a larger variety of pyrethroids needs to be examined under standardized laboratory conditions to determine if these assays provide an appreciable increase in sensitivity over more extensively characterized endpoints like motor activity. A potential caveat of using rotarod and operant conditioning is the requirement for habituation or training of the test subjects prior to implementation of the test session/s, respectively.
The acoustic startle response (ASR) assay is the most extensively characterized neurobehavioral domain that is sensitive to pyrethroids and shows divergent effects between pyrethroid compounds (see Table 5 ). Note that the disparate changes in startle response latency, sensitization, and amplitude are evident in the "low" effective dose range and generally coincide with the T-(Type I)/CS-(Type II)/TS-(Type I/II) nomenclature with few exceptions. Like motor activity, the ASR assay does not require any pre-test session, and collection of data is automated and free of observational bias. An additional advantage is that the neural substrates that mediate the acoustically evoked startle reflex are known and comparable in rats and humans [31] . Data from less extensively characterized fore-/hindlimb grip strength assays (neuromuscular domain) and other FOB-protocol tests also indicate that they may be used to distinguish pyrethroid type-specific effects. Some of the FOB-related endpoints (e.g., click response, gait abnormality, and involuntary motor movements) have demonstrated acceptable sensitivity for pyrethroid neurotoxicity [111, 81, 189] . However, generalizations on their specificity for pyrethroid syndromes will await assessment of a larger number of Type I and Type II pyrethroids.
Other in vivo endpoints not described in this review, and for which little quantitative data are available, may be useful in risk analysis of pyrethroids. For instance, a thermoregulatory response is elicited in rats following pyrethroid exposure [111] . The use of telemetry for measuring core temperature [72, 43] in freely moving animals could be a potentially useful endpoint for assessing pyrethroid toxicity and partitioning of these compounds into separate categories. In order to determine the utility of this endpoint, single compound and mixture studies are currently being conducted using acute, oral exposures to permethrin, bifenthrin, cypermethrin, deltamethrin, and β-cyfluthrin (Wolansky et al., in progress). Preliminary results suggest 1) that the thermoregulatory response is affected differently by T-and CS-syndrome pyrethroids (i.e., permethrin and bifenthrin produce hyperthermia while deltamethrin, cypermethrin and β-cyfluthrin produce hypothermia); 2) that loweffective levels of CS-compounds may induce mild effects in the Table 7 Critical analysis of the toxicological data accumulated using a variety of endpoints after acute exposure to pyrethroids in rat Peer-reviewed studies using technical grade compounds (most cases) and acute oral or i.p. exposures were considered. This table allows for identification of large gaps in the neurotoxicological knowledge base for pyrethroids in mammals.
† Few doses examined per compound, precluding a final ascertainment; sensitivity would seem to be, at most, similar to that observed using motor activity as endpoint [33, 35, 187] . † † Specificity stands for availability of data indicating more than one type of action of pyrethroids on this endpoint depending on structure. ‡ Based on schedule-controlled operant responding (SCOR) assessments (most used endpoint for this domain); limited evidence showing some divergence between permethrin and cypermethrin effects on operant responding [132] (see also Table 6 ). ‡ ‡ Simplicity refers automatization and easy execution of experimental procedures. ⁎ Provided that well-trained experimenters conduct the tests. ⁎⁎ The little data available was obtained using commercial formulations including trade secret unknowns. "Low/High" means that the simplicity of the endpoint depends on the device and protocol used. ASR = acoustic-evoked startle response. ID = insufficient data.
opposite direction from what is expected after exposure to higher doses (i.e. a biphasic response); and 3) that the sensitivity of telemetered core temperature in the home cage is comparable to that of motor activity in a figure-eight maze [33, 35, 36, 111, 187, 190] .
The selection and use of neurobehavioral data in the context of risk assessment is a contentious subject [95] . It is obvious from gross observations of pyrethroid poisoning that at least two different types of syndromes are observed in rodents at "high" doses. However, at "lower" effective doses, where gross signs of poisoning are not observed, some toxicological effects of pyrethroids are remarkably consistent across compounds (e.g., decrease of motor activity and operant response rates) while others still seem to suggest divergent toxicological profiles for different compounds (i.e., acoustic startle response). One of the quandaries that regulatory agencies face is how to interpret this complex body of data, where even within the low-effective dose range there is at least one endpoint showing disparate adverse effects with different compounds. Use of endpoints that can distinguish between the different types of pyrethroid poisoning syndromes, but are not the most sensitive endpoints available, may result in a decreased distance between allowed environmental application levels and toxicity thresholds in humans. On the other hand, using sensitive endpoints that do not separate compounds into mechanistic subcategories may result in incorrect estimates of risk associated with heterogeneous mixtures of pyrethroids with truly different toxicological pathways. In conclusion, the knowledge base summarized above indicates that one single neurobehavioral domain (or endpoint) is insufficient to ascertain the toxicological heterogeneity within the pyrethroid class. Consideration of a battery of neurobehavioral endpoints is needed to construct an accurate profile of pyrethroid toxicity for use in making wellinformed decisions for regulating pyrethroid insecticides.
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